Objective: Anatomic alterations of the mitral valve such as increased mitral leaflet area, length and laxity, and anterior displacement of the papillary muscles in hypertrophic obstructive cardiomyopathy predispose patients to residual systolic anterior motion and persistence of outflow obstruction and mitral regurgitation after septal myectomy. We investigate the long-term results of combined anterior mitral leaflet retention plasty and septal myectomy in children with hypertrophic obstructive cardiomyopathy. Methods and results: Anterior mitral leaflet retention plasty and subaortic septal myectomy were performed in 12 children (mean age 10.8 AE 1.7 years) with hypertrophic obstructive cardiomyopathy. Mean preoperative left ventricular outflow tract pressure gradient was 49 AE 11 mmHg. After careful assessment of the mobility of the anterior leaflet and subvalvular apparatus, segments of the anterior leaflet nearest the trigones were sutured to the corresponding posterior annulus with polypropylene reinforced with untreated autologous pericardial pledgets. Intraoperative valve orifice measurement based on age-related valve diameter ensures that no mitral stenosis is produced. Mean intraoperative pre-and post-septal myectomy pressure gradient was 60 AE 25 mmHg and 5 AE 6 mmHg, respectively. Post-myectomy mitral insufficiency was reduced to a regurgitant fraction of 0-10%. Mean follow-up is 11.85 AE 1.22 years. Mean left ventricular outflow tract pressure gradient was 6.2 AE 3.95 mmHg. No mortality, no repeat myectomy or repeat mitral valve repair or replacement, no mitral stenosis and no systolic anterior motion occurred. Conclusions: Long-term follow-up shows sustained absence of systolic anterior motion, attenuation of mitral regurgitation, sustained improvement in functional status, and reduction of outflow tract obstruction. #
Introduction
Hypertrophic obstructive cardiomyopathy (HOCM), a primary genetic myocardial disease [1] characterized by asymmetrically distributed left ventricular hypertrophy and left ventricular outflow tract (LVOT) obstruction is heterogeneous [2] in terms of natural history, clinical manifestations, hemodynamic characteristics, age of onset and risk for sudden death [3] . Variable degrees of LVOT obstruction induced by thickening of the interventricular septum as well as due to systolic anterior motion (SAM) of the anterior mitral valve leaflet are present. SAM is responsible for concomitant mitral regurgitation typically directed postero-laterally into the left atrium [4] . HOCM often presents with anatomic changes of the mitral valve such as increased mitral leaflet area, elongation and pronounced laxity, as well as anterior displacement of the papillary muscles [5] [6] [7] . These structural abnormalities are not corrected by septal myectomy alone, and thus patients develop propensity to a residual SAM, persistence of outflow obstruction and mitral regurgitation after septal myectomy leading to a suboptimal outcome [8, 9] . The standard therapeutic intervention for children, is left ventricular septal myectomy, also known as Morrow procedure [1] [2] [3] 10, 11] . Several invasive therapeutic modalities such as percutaneous transluminal septal myocardial ablation (PTSMA) have been developed to diminish the LVOT obstruction by reduction of the interventricular septum width or thickness [4, 12] . There have been few reports in surgical management of mitral valve in children with HOCM [3] . Mitral valve reconstruction techniques complementing septal myectomy to prevent postmitral repair SAM such as triangular resection of the anterior leaflet [13] sliding plasty of the posterior leaflet [14] edge-toedge-technique [15] anterior mitral leaflet extension with a pericardial patch [4, 12, 16] radical debridement and repositioning of the papillary muscles [2] as well as complete excision of secondary chordae of the anterior mitral leaflet [3] may be useful. Mitral valve replacement is not desirable in children, because of its attendant morbidities as well as lack of suitable age-prosthetic sizes [17] .
We performed anterior mitral leaflet retention plasty (ALRP) in combination with septal myectomy in children with HOCM and we investigated the long-term results of these combined procedures in 12 children.
Patients and methods

Patients
Between September 1994 and December 2008, 12 patients (mean age 10.8 AE 1.7 years, median 13.06 years, range 0.52-17 years) underwent surgery for HOCM. The diagnosis of HOCM was based on clinical evaluation and on echocardiography. In all these patients, the indications for operation were refractory symptoms despite optimal medical therapy consisting of b-blocking agents, calcium channel blockers, or both. Duration of treatment ranged from 2.8 months to 8.3 years. At the time of surgery, 3 (25%) patients were in New York Heart Association class II, 5 (41.6%) patients in class III, and 4 (33.3%) in class IV. These patients had a mean maximal preoperative LVOT pressure gradients of 96.83 AE 9.6 mmHg (median 84.5 mmHg, range 50-160 mmHg) and mean preoperative LVOT pressure gradient of 49 AE 11 mmHg (range 38-60 mmHg). All had associated moderate to severe mitral insufficiency, and one had associated ventricular septal defect. Eight patients had a history of ventricular arrhythmia. All patients had no previous surgery.
Surgical technique
Subaortic septal myectomy
Intraoperative transesophageal echocardiography (TEE) is performed after induction of general anesthesia, with particular attention to the cardiac anatomy, mitral valve morphology and function, and thickness of the ventricular septum. Exposure is gained through a median sternotomy and direct intracardiac pressures were measured simultaneously in the left ventricle and aorta. If the left ventricular outflow tract (LVOT) gradient is low (<30 mmHg) because of anesthesia, isoproterenol is administered or premature ventricular contractions are induced to determine the maximal gradient. Standard cardiopulmonary bypass with moderate hypothermia (28-32 8C) was used and the left heart is vented. During aortic occlusion, myocardial protection, especially important because of the severe ventricular hypertrophy, was given through a generous infusion of antegrade cold crystalloid cardioplegia, followed by additional doses administered selectively onto the right and left coronary ostia every 15-20 min. An oblique aortotomy was carried rightward down to the non-coronary sinus and towards the aortic annulus. The aortic valve is inspected and the subvalvular region is exposed. Optimum visualization of the ventricular septum is facilitated by posterior displacement of the left ventricle. Aside from using Morrow technique, which used two parallel longitudinal incisions in the septum, we made parallel incisions into the septum directly opposite the anterior mitral leaflet. The resection of long blocks of septal myocardium from between the two incisions is started just below the aortic annulus of the right coronary sinus and the commissure between the right and the left coronary sinuses (Hetzer's technique, Fig. 1A ) [17] . Importantly, the incision is continued apically beyond the point of mitral-septal contact, marked by a fibrous band. This wide incision beneath the valve improves exposure of the important area toward the apex. Intraoperative preseptal myectomy pressure gradient ranged from 40 to 105 mmHg (mean 60 AE 25 mmHg), and post-septal myectomy gradient ranged from 0 to 18 mmHg (mean 5 AE 6 mmHg).
Anterior leaflet retention plasty (ALRP)
Access to the mitral valve is gained through a left atriotomy along the interatrial groove. After carefully assessing the morphology and mobility of the anterior mitral valve leaflets and the subvalvular apparatus, the segments of anterior mitral leaflet closest to the trigones are sutured to the corresponding posterior annulus wherein the polypropylene mattress sutures are pledgeted with untreated autologous pericardium. These sutures are passed through the coaptation line of the anterior leaflet and the corresponding posterior annulus trigone (Hetzer's technique, Fig. 1B and C) [17] . Thus, the mobility of the anterior mitral valve leaflet is limited in its trigone-near segment, thereby unable to produce systolic anterior motion and mitral insufficiency ( Fig. 1D and E) [17] . In these series, laxity of the anterior mitral valve leaflets was present, but no distinct abnormalities of the chordae tendinae and papillary muscles were apparent. This repair was routinely guided by intraoperative TEE with particular attention to the septal anatomy and thickness, and mitral valve function, mobility as well as anatomy of the subvalvular apparatus.
After the septal myectomy and ALRP, the aortic and mitral valves were inspected to ensure that they have not been injured. After weaning the patient from cardiopulmonary bypass, pressures are remeasured in the left ventricle and aorta and TEE evaluation is repeated, with special attention to the width of the interventricular septum, the residual LVOT gradient, mitral valve regurgitation and SAM. If myectomy has been successful, there will be little or no residual gradient, and little or no SAM of the mitral valve. In general, we would resume cardiopulmonary bypass for reresection, if the gradient were greater than 15-20 mmHg. Post-myectomy mitral insufficiency was reduced to a regurgitant fraction of 0-10%. There was no early or late mortality, or reoperation for repeat myectomy or repeat mitral valve repair or replacement.
Saline injection through the valves and intraoperative TEE were routinely performed to assess the adequacy of repair. Postoperative transthoracic echocardiography was carried out annually, or if clinically indicated on the basis of symptoms. The degree of mitral valve regurgitation was estimated by means of standard echocardiographic measurement techniques.
Follow-up
Follow-up data were provided by both the Department of Congenital Heart Disease/Pediatric Cardiology and Department of Clinical Studies, Deutsches Herzzentrum Berlin and written correspondence from the referring physicians, and/ or telephone interviews with patients or families. No patients were lost to follow-up. The mean follow-up period was 11.85 AE 1.22 years. The end of the follow-up study was December 2008.
Statistical analysis
All data were analyzed with the SPSS 16.0 (SPSS Inc., Chicago IL, USA) software program. The data are expressed as absolute and percentage frequency values and continuous data as mean AE standard error of the mean, as appropriate. Freedom from reoperation was analyzed according to Kaplan-Meier estimates with 95% CI. Since there is no mortality, no Kaplan-Meier survival curve can be plotted.
Results
Demographic profiles of the 12 patients are shown in Table 1 . Five (41.6%) and 4 (33.3%) had class III and IV symptoms, respectively, according to NYHA classification. One patient had been resuscitated successfully from an outof-hospital cardiac arrest. All patients were treated with bblocking agents, calcium antagonists, or the combination of these drugs.
Mean preoperative interventricular septal thickness was 24.2 AE 3.1 (range 17-33 mm) and mean left ventricular posterior wall thickness was 25.6 AE 4 (range 18-27 mm). The preoperative mean maximal LVOT gradient was 96.83 AE 9.6 (range 50-160) mmHg. Most patients had moderate to severe mitral regurgitation (2.82 AE 0.18). All patients had typical marked SAM of the anterior mitral valve leaflet (mean grade 3.08 AE 0.61). Only 1 (8.3%) had an associated ventricular septal defect, in whom direct closure was performed during the septal myectomy and ALRP procedure.
Perioperative outcome
Preoperative, immediate postoperative as well as the latest follow-up echocardiographic data are presented in Table 2 . Mean cardiopulmonary bypass time is 111.58 AE 16.69 (range 54-267) min. Mean ischemic time is 62.25 AE 7.9 (range 18-118) min. Post-myectomy mitral insufficiency was reduced to a regurgitant fraction of 0-10%. There was no early or late mortality, or reoperation for repeat myectomy or repeat mitral valve repair or replacement. Eight (66.6%) patients had concomitant epimyocardial pacemaker implantation for preoperatively diagnosed atrioventricular block II (n = 5), atrial fibrillation (n = 2) and supraventricular tachycardia (n = 1), unresponsive to medical treatment.
The mean follow-up period was 11.85 AE 1.22 years (range 9 months to 15 years). During the follow-up period, patients were either asymptomatic (33.3%) or had mild symptoms (50% and 16% in NYHA functional class I and II, respectively). The number of cardiac drugs prescribed decreased significantly; before intervention, the number of cardiac drugs used was 1.25 AE 0.3 whereas after surgery, and during followup, it was significantly reduced. One of the eight patients with permanent cardiac pacemaker underwent replacement of the pacemaker generator system 12 years after its implantation.
In relation to the preoperative data, we found a mean reduction in septal thickness of 10.4 AE 0.5 mm after septal myectomy and further reduced by 1.9 AE 0.8. Moreover, the LVOT gradient as well as mitral regurgitation was significantly reduced after surgery and further reduced during the succeeding follow-up period. The most significant finding is that there is no SAM immediately postoperative and during the latest follow-up. During each of the latest patients' follow-up, these results were sustained. Preoperative and postoperative echocardiograms from one patient after septal myectomy and ALRP are shown in Figs. 2-5.
Discussion
Surgery in pediatric patients with HOCM was technically challenging because of the difficulty of exposure of the smaller structures. We developed an alternative surgical procedure concomitant with septal myectomy, which aims to reduce or even prevent the residual outflow obstruction due to SAM of the mitral valve. Transaortic septal myectomy presents special problems in young patients because of limited exposure through the aortic annulus. Likewise, special care must be taken to avoid injury to the delicate aortic cusps during retraction for exposure of the hypertrophied septum. Too deep a resection will create a ventricular septal defect [9, 18] or even ventricular perforations, and the aortic valve is always at risk for injury from instruments passed through the valve and manipulated within the ventricle. Another special technical consideration in children relates to accurately judging the depth and length of the septal myectomy. Inadequate excision will leave residual LVOT obstruction and limit symptomatic improvement and survival. In our experience, adequate myectomy may be achieved in essentially all patients, but careful hemodynamic assessment after weaning from the cardiopulmonary bypass is obligatory for optimal results. Reinstitution of bypass and resection of additional septal muscle should be considered if the residual systolic peak gradient exceeds 20 mmHg. In the present series, there was an immediate 88% reduction in intraoperative LVOT gradient to a mean residual gradient of 6 mmHg after septal myectomy. The relief of LVOT obstruction was maintained in all 12 patients at latest follow-up; the mean maximum echocardio- graphic maximum pressure gradient of 12.78 AE 4.89 mmHg was reduced by 87% from the preoperative mean maximal gradient of 96.83 AE 9.6 mmHg. There was no incidence of recurrent LVOT obstruction with our described technique of septal myectomy. Besides the myocardium, the anatomy of the mitral valve apparatus also frequently appears anomalous adding to the obstruction component. Normally the mitral valve leaflets coaptate below the outflow tract as they are pulled posteriorly by the papillary muscles, where they do not impede the outward-directed blood flow. Known elements that may disrupt this coaptation mechanism are valve elongation and anterior displacement of the papillary muscles, which predispose to systolic anterior motion. Consequently, outflow tract obstruction and mitral regurgitation may persist after successful surgical myectomy. To counteract residual SAM, several authors [19] [20] [21] reported mitral valve replacement as an alternative procedure in patients regarded as less suitable candidates for septal myectomy. In our institution, mitral valve reconstruction is the preferred technique for any kind of mitral valve disease in infants, children and adolescents, in the face of the complete lack of a prosthesis suitable for this age group, aside from avoiding the need of valve replacement with all its drawbacks [17] . While we agree that the mitral valvular dysfunction is an integral factor in producing outflow obstruction, replacement of the valve is not essential either for reduction of the outflow gradient or alleviation of mitral insufficiency.
In this present study, we report our collective cases of 12 consecutive patients with HOCM associated with moderate to severe mitral valve insufficiency caused by systolic anterior motion. Our preferred approach was transaortic septal myectomy to address the left ventricular outflow tract obstruction (LVOTO), with concomitant anterior leaflet retention plasty performed through a left atriotomy. These combined procedures effectively abolished the LVOTO, SAM, and mitral insufficiency was absent or mild in 97% of patients. Clinical and hemodynamic parameters including functional class, reduction of the LVOT gradient, and attenuation of mitral regurgitation and SAM showed sustained improvement during long-term follow-up. In all patients, treated with this technique, SAM was virtually non-existent. It is important to realize that the severity of mitral regurgitation is related to the presence of SAM [22] . It is very important to evaluate the presence of abnormalities of the subvalvular apparatus in HOCM as well, since failure to recognize and treat it may be fatal or lead to incomplete relief of obstruction [23] . Although these are absent in this series, the most important of these anomalies is anomalous papillary muscle insertion directly onto the anterior mitral leaflet, extensive fusion of papillary muscles with the ventricular septum or left ventricular free wall, abnormal chordae tendinae (false chords) that attach to the ventricular septum or free wall, and accessory papillary muscles, all of which may tether the mitral leaflets towards the septum and produced LVOTO. This would contraindicate anterior leaflet retention plasty.
We address the prolapsing segment or unsupported anterior leaflet by avoiding the use of an annuloplasty ring. Anterior leaflet retention plasty combined with septal myectomy is excellent to restrict mitral valve motion and to allow for more complete relief of subaortic obstruction and mitral insufficiency, and avoiding SAM. Symptomatic improvement of the 12 patients was gratifying and all improved by at least one functional class, and remain improved on each patient's latest follow-up. There has been no occurrence of mitral stenosis following ALRP in this series.
We regard ALRP as a safe and excellent addition to septal myectomy because there was not even a single complication that occurred. In addition, SAM was completely abolished.
Mechanism of ALRP
In HOCM, the abnormal motion of the anterior mitral valve leaflet in systole plays a key role in creating the outflow obstruction. The pull and push mechanism of the leaflets due to either increased mitral leaflet length and laxity allow the valve to protrude in the outflow tract. Accordingly, inward displacement of the papillary muscles towards each other results in chordal slack in the central leaflet portion and consequently SAM in the central portion of the valve [6] . To counteract these forces, the segments of anterior mitral leaflet closest to the trigones are sutured to the corresponding posterior annulus. The sutures are passed through the coaptation line of the anterior leaflet and the corresponding posterior annulus trigone. Hence, the mobility of the anterior mitral valve leaflet becomes limited in its segment near the trigone, unable to produce systolic anterior motion and mitral insufficiency. Likewise the normal anatomy of the mitral valve is maximally restored. By suturing the segments of anterior mitral leaflet closest to the trigones to the corresponding posterior annulus, we restrict the buckling part of the anterior leaflet, restoring the normal mobility. This decreases the length of the leaflet which may cause a lateral shift of the chordae attaching prolapsed portion of the leaflet, which in turn stretches the chordae, erects them, and enhances leaflet coaptation.
Decreasing the laxity of the anterior mitral leaflet could also add positively to the maintenance of valve tethering once the streamlines of flow are normalized after septal myectomy, wherein the flow stream straightens, hitting the mitral valve onto the anterior surface and pressing the anterior leaflets towards the left atrium. The force that directs the enlarged valve posteriorly is linear to the leaflet area exposed to that flow. In fact, the retained anterior leaflet appears tightened in systole, is directed toward the left atrium, and SAM and mitral regurgitation are abolished. This approach is designed to avoid mitral valve replacement, and hemodynamic results are encouraging. The selection criteria for retention plasty included not only a relatively thick ventricular septum, presence of an abnormal mitral valve apparatus and prolapse of anterior leaflet, but also a persistent obstruction after myectomy. In the present study, we did not treat previously operated patients. Also, we could not compare ALRP to the results with valve replacement, because we generally perform mitral valve repair and reconstruction in children [17] especially in those with HOCM.
Conclusions
ALRP in combination with septal myectomy is an effective and safe treatment for children and adolescents with HOCM. Long-term follow-up shows sustained absence of systolic anterior motion, attenuation of mitral regurgitation, sustained improvement in functional status, and absence or reduction of outflow tract obstruction. Because the present technique offers a broadening of the surgical possibilities, we believe that ALRP could become the preferred choice in persistent LVOT obstruction and SAM.
